The relationship between antiferromagnetic spin fluctuations and superconductivity has become a central topic of research in studies of superconductivity in the iron pnictides. We present unambiguous evidence of the absence of magnetic fluctuations in the non-superconducting collapsed tetragonal phase of CaFe2As2 via inelastic neutron scattering time-of-flight data, which is consistent with the view that spin fluctuations are a necessary ingredient for unconventional superconductivity in the iron pnictides. We demonstrate that the collapsed tetragonal phase of CaFe2As2 is non-magnetic, and discuss this result in light of recent reports of high-temperature superconductivity in the collapsed tetragonal phase of closely related compounds.
The relationship between antiferromagnetic spin fluctuations and superconductivity has become a central topic of research in studies of superconductivity in the iron pnictides. We present unambiguous evidence of the absence of magnetic fluctuations in the non-superconducting collapsed tetragonal phase of CaFe2As2 via inelastic neutron scattering time-of-flight data, which is consistent with the view that spin fluctuations are a necessary ingredient for unconventional superconductivity in the iron pnictides. We demonstrate that the collapsed tetragonal phase of CaFe2As2 is non-magnetic, and discuss this result in light of recent reports of high-temperature superconductivity in the collapsed tetragonal phase of closely related compounds.
The AFe 2 As 2 (A = Ba, Sr, Ca), or "122", family of compounds has been one of the most widely studied classes of iron pnictide superconductors [1] [2] [3] [4] in recent years, and a great deal of attention has been focused on CaFe 2 As 2 [5, 6] in particular. At ambient pressure, the substitution of Co or Rh for Fe [7] [8] [9] [10] [11] results in the suppression of antiferromagnetic (AFM) order and, over some range in substitution, superconductivity (SC) emerges with transition temperatures (T c ) of up to ≈ 20 K. Under modest applied pressure Ca(122) manifests fascinating new behavior including a transition to an isostructural volume collapsed tetragonal (cT) phase that is generally believed to be non-magnetic and non-superconducting. The cT phase in Ca(122) is distinguished by a striking 9.5% reduction in the tetragonal c lattice parameter, with respect to the high-temperature ambient-pressure tetragonal (T) phase, along with the absence of the stripe-like magnetic order found for the low-temperature ambient-pressure orthorhombic phase [12] .
The first liquid media clamp-cell pressure measurements of Sn-flux solution-grown Ca(122) found traces of SC for applied pressures between roughly 0.25 and 0.9 GPa [13, 14] . These studies were rapidly followed by transport measurements and neutron diffraction experiments under hydrostatic pressure conditions using He gas pressure cells which showed: (i) no evidence of SC for P < 0.6 GPa [15] and; (ii) the existence of the cT structure for P > 0.35 GPa at low temperatures [16, 17] . That work demonstrated that the traces of SC originally found in the frozen liquid clamp-cell measurements probably resulted from significant non-hydrostatic pressure components generated during the transition to the cT phase, although the origin of the SC phase was not identified in these studies. Later experiments, utilizing uniaxial pressure, concluded that the T phase could be stabilized to low temperatures by the presence of non-hydrostatic pressure components and was likely the source of superconductivity in the original liquid clamp-cell measurements [18] .
Recently, superconductivity with T c in excess of 45 K has been reported for the substitution of Sr [19] or selected rare earths (R) [20] [21] [22] for Ca, or co-doping by La and P [23] , and it has been proposed that these high T c values are realized in the cT phase as well [19, 21] . Since it is generally accepted that there is a close connection between SC in the iron pnictides and the presence of correlated AFM fluctuations in these compounds [1-4, 24, 25] , the possibility of high values of T c in the cT phase raises important questions regarding the nature of the cT phase, and the relationship between magnetic fluctuations and unconventional superconductivity in the iron pnictides. It is, therefore, important to clearly establish whether the cT phase of Ca (122) is, in fact, non-magnetic.
There is already evidence that the cT phase of Ca(122) is non-magnetic, consistent with the absence of unconventional superconductivity. First, as noted above, the low-temperature stripe-like AFM order is absent in the cT phase. However, alternative magnetic ground states for the cT phase have been proposed [26] , and the origin of the suppression of magnetic order, whether it arises from a reduction in the iron moment, changes in the magnetic exchange, or a more subtle change in electronic structure has come under renewed scrutiny [19] . Furthermore, the absence of AFM order does not directly speak to the presence or absence of magnetic fluctuations in the cT phase. It is well known that strong AFM fluctuations remain after long-range magnetic order is lost in the iron pnictides at optimal doping [1-4, 24, 25] .
Total energy calculations described in Reference 16 predict that the cT phase is non-magnetic and this has been supported by other theoretical studies [27] [28] [29] . Our previous inelastic neutron scattering studies of the T [30] and cT phases [31] showed that, at least over a narrow range in momentum transfer (Q) close to the AFM wavevector, Q stripe , and energy transfers (E) less than 7 meV, the AFM fluctuations are suppressed, or absent, in the cT phase. Again, this result finds support in other experimental measurements [11, 22] . But the narrow scope of the neutron measurements could not exclude the presence of correlated magnetic fluctuations at other positions in reciprocal space [26] , or simply a change in the energy scale of the fluctuations as has been found, for example, in the well known volume collapse of Ce [32] , or very recently in nonsuperconducting Ba(Fe 0.85 Ni 0.15 ) 2 As 2 [33] . A much wider view in both Q and E must be obtained to clearly establish the presence or absence of magnetic fluctuations in the cT phase of Ca(122).
Here we present unambiguous evidence that the magnetic fluctuations in the non-superconducting cT phase of Ca(122) are absent via inelastic neutron scattering measurements using the ARCS time-of-flight (TOF) instrument [34] at the Spallation Neutron Source at Oak Ridge National Laboratory. This result provides clear evidence that the cT phase of Ca (122) is a non-magnetic metal, with no static or dynamic magnetic moment, and supports the view that spin fluctuations are a necessary ingredient for unconventional SC in the iron pnictides. The complete suppression of magnetism in the cT phase also provides a non-magnetic analog for a detailed study of the AFM fluctuation spectrum of the paramagnetic T phase out to energy transfers above 100 meV, and we use this to demonstrate that the dynamical susceptibility, χ ′′ (Q, ω), is well described by the model for short-range, over-damped anisotropic spin-correlations introduced in Reference 30.
The sample used in this study was a co-aligned set of 12 single crystals produced by solution growth using an FeAs flux [35] . The co-alignment provided a total sample mass of ∼1.5 grams and a sample mosaic of 1.5
• full-width-at-halfmaximum. As described in Reference 35, FeAs-flux samples quenched from the melt at 960
• C, or annealed at temperatures above 700
• C, transform directly from the T phase into the cT structure at low temperature at ambient pressure; the strain field associated with a uniform distribution of fine-sized FeAs precipitates appears to play a key role in the ambient pressure transformation and can be used to systematically tune the behavior of the Ca(122) samples [36] . For the present measurements, the samples were as-grown, quenched from the melt at 960
• C. Other than a shift in temperature, the transformation from the T phase to the cT phase at ambient pressure is consistent with the T-cT transformation observed for the Sn-flux solution-grown samples under applied pressure [35] , eliminating the need for a pressure cell and, therefore, the dominant contribution it makes to the measured background in scattering measurements.
The inelastic neutron scattering experiment was performed using incident beam energies of 75 meV and 250 meV. The sample was attached to the cold-finger of a closed-cycle cryostat and oriented with the tetragonal c-axis parallel to the incident beam. In what follows, the neutron scattering data will be described in the tetragonal I4/mmm coordinate system with Q = 2π
. In this notation, the stripe-like AFM wavevector is Q stripe = ( We performed a detailed survey of the spin fluctuations at temperatures above (T = 150 K) and below (T = 10 K) the TcT transition (at ≈ 90 K) and used the MSLICE software [38] to visualize the data and to take one and two-dimensional cuts through main crystallographic symmetry directions for subsequent data analysis. Figures 1 and 2 display the key result of our measurements. Figures 1 (a) and (b) show the neutron intensity for constant energy slices (integrated over ∆E = ±10 meV) for E i = 75 meV and E = 50 meV [ Fig. 1 (a)] , and E i = 250 meV and E = 80 meV [ Fig. 1 (b) ] taken at 150 K, above the T-cT transition. The AFM spin fluctuations centered at Q stripe and equivalent positions in other Brillouin zones (for E i = 250 meV) are clearly observed. Figures 1 (c) and (d) show the neutron intensity for these same energy slices taken at T = 10 K in the cT phase, demonstrating the absence of magnetic scattering in the vicinity of Q stripe , and we find no evidence of magnetic intensity at other positions in reciprocal space. Figure 2 shows the energy dependence of the magnetic intensity along the [K, −K] direction after averaging over the longitudinal [H, H] direction from 0.45 < H < 0.55 in reciprocal lattice units (r.l.u). Figures 2 (a) and (b) show the neutron intensity for E i = 75 meV and 250 meV, respectively, taken at T = 150 K. In the T phase, the plume of scattering at Q stripe extends above 100 meV [ Fig. 2 (b) ]. The data taken in the cT phase, at T = 10 K, again show no evidence of magnetic scattering in this region (see also Fig. 4 ). Taken together, Figs. 1 and 2 clearly demonstrate that AFM fluctuations are absent in the cT structure consistent with the absence of any Fe moment whatsoever.
The full suppression of magnetism and the absence of SC in the cT phase supports current theories of unconventional pairing in the iron pnictides via spin fluctuations, and raises important questions regarding the origin of SC in the cT phase of (Ca 1−x Sr x )Fe 2 As 2 with T c ≃ 22 K [19] , and (Ca 1−x R x )Fe 2 As 2 (R = Pr, Nd) with T c > 45 K [21] . Both References 19 and 21 acknowledge the possibility of the SC originating in a second phase, perhaps within some retained T phase as found for CaFe 2 As 2 under uniaxial pressure [18] . On the other hand, the values for T c in these systems is significantly higher than that found for CaFe 2 As 2 (≈ 10 K), offering the possibility that SC arises from an alternative pairing scenario. Clearly, it would be instructive to study examples of the Sr and R-substituted compounds using the TOF methods described here in order to establish whether remnants of magnetic fluctuations persist into the cT phase.
The absence of magnetic scattering in the cT phase provides us with a non-magnetic analog to serve as a background reference for a detailed investigation of spin fluctuations in the paramagnetic T phase. Figure 3 displays the energy spectrum for the spin fluctuations in the T phase for both incident neutron energies. These plots were obtained from a subtraction of the data obtained at 150 K and 10 K, then folding the resultant difference spectrum across the diagonals of Fig. 1 . This folding effectively increases the statistics by taking advantage of the fourfold symmetry of the [H, H]−[K, −K] plane. We note that no adjustment of the data to account for the temperature factor was done in the subtraction because it was not possible to assign relative weights to the temperature dependent (e.g. sample, sample holder) and independent (scattering from the cryostat, general background) contributions to the cT data with any certainty. Nevertheless, the absence of a correction for the temperature factor in the subtraction affects only energies below approximately 15 meV and is of no consequence for the analysis described below. The range of integration over Q in Fig. 3 was ∆H = 0.45 to 0.55 r.l.u. and ∆K = -0.06 to +0.06 r.l.u., for consistency with Ref. 30 . The intensity modulation with energy arises from variations in the structure factor along L which are observed as energy-dependent intensity oscillations that are peaked at the AFM zone centers (e.g. L = 1, 3, 5). [30] .
Complementing these data, in Fig. 4 we show constantenergy cuts through Q stripe along the longitudinal [H, H] and transverse [K, −K] directions for energy transfers from 20 to 120 meV. Data taken in the paramagnetic T phase at 150 K (blue circles) are contrasted with the corresponding cuts in the cT phase at 10 K (shaded squares), once again demonstrating the absence of any magnetic signal in the cT phase. Furthermore, the background scattering away from Q stripe in the T phase is indistinguishable from the scattering in the cT phase indicating that there is no additional incoherent paramagnetic contribution.
Following Ref. 30 , the Q and constant-energy cuts in Figs. 3 and 4 can be described by a scattering model that includes short-range and anisotropic spin correlations with overdamped dynamics. The dynamic susceptibility can be written as:
where
y , χ 0 is the staggered susceptibility, γ denotes the damping coefficient originating from the spin decay into particle-hole excitations, and ξ T and a are the magnetic correlation length at temperature T , and the in-plane lattice parameter, respectively. Two dimensionless parameters describe the anisotropy of the in-plane correlation lengths (η) and the strength of the interlayer spin correlations (η c = J c χ 0 ).
The dynamical structure factor, S(Q, ω) is related to χ ′′ (Q, ω) by the fluctuation-dissipation theorem, so that:
where F (Q) is the Fe 2+ magnetic form factor, C is a scaling constant and E = ω. Fits to the energy spectrum (solid line in Fig. 3 ) and constant-energy Q-cuts (solid lines in Fig. 4) were performed simultaneously using Eqns. 1 and 2 and a single scale factor for each incident energy. We obtained values for γ = 37±2 meV, ξ T = 6.4±0.2Å, η = 1.0±0.2 and η c = 0.16±0.02 that compare well with those determined for the paramagnetic T phase at 180 K in Ref. 30 : γ = 43±5 meV, ξ T = 7.9±0.1Å, η = 0.55±0.36 and η c = 0.20±0.02. We point out here that the present data set extends to much higher energies than previously measured for Ca(122) and, therefore, provides further validation of the nearly AFM spin fluctuation model proposed by Diallo et al. [30] and, in addition, shows that the spin dynamics of the FeAs flux-grown samples and the original Sn flux-grown samples are the same.
In summary, our inelastic neutron scattering data, over an extended range in reciprocal space and energy, demonstrate that the cT phase of Ca(122) is non-magnetic. Based on an accurate background subtraction using the non-magnetic cT phase, we find no evidence for spin fluctuations at other wave vectors, or any incoherent contribution, and conclude that the magnetic fluctuations are exclusive to Q stripe for energies below 120 meV. In light of recent reports of hightemperature SC in the cT phase of (Ca 1−x Sr x )Fe 2 As 2 [19] and (Ca 1−x R x )Fe 2 As 2 (R = Pr, Nd) [21] the absence of spin fluctuations in the cT phase of Ca(122) clearly calls for further consideration of multiple phases as the source of SC in these systems as well as similar neutron TOF measurements on these compounds.
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